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AILERON CONTROLS FOR WIND TURBINE APPLICATIONS 


Dean R. Miller and Richard L. Puthoff 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 


SUMMARY 

Horizontal-axis wind turbines utilize partial or full variable blade pitch 
to regulate rotor speed. The weight and costs of these systems Indicated a 
need for alternate methods of rotor control. Aileron-control is an alternative 
which has potential to meet this need. The NASA Lewis Research Center has been 
experimentally testing aileron-control rotors on the Mod-0 wind turbine to de- 
termine their power regulation and shutdown characteristics. This paper pre- 
sents experimental test results for a 20 and 38 percent chord aileron-control 
rotor. The test results to date show that aileron-control Is a viable method 
for safely controlling rotor speed, following a loss of generator load. 


INTRODUCTION 

As part of the DOE Wind Energy Program, the NASA Lewis Research Center 
(LeRC) has been Involved In the research of large horizontal-axis wind turbines 
since 1975. The overall goal of the effort has been to develop the technology 
to build reliable, yet cost-effective large HAWTS. Since the rotor constitutes 
a large portion of the overall wind turbine cost, various methods of rotor con- 
trol were Investigated based on their potential to reduce rotor weight and 
cost. 


Aileron-control was a method of rotor control which appeared to have po- 
tential for reducing rotor costs. This method of rotor control Involved plac- 
ing a control surface on the tralllng-edge of the rotor blade (In the same way 
control surfaces are placed on the tral ling-edges of aircraft wings). As with 
the airplane wing, the ailerons change the lift and drag characteristics of the 
basic airfoil as a function of their deflection angle, producing corresponding 
changes In rotor torque. It Is these changes In rotor torque which enable the 
ailerons to regulate rotor speed or rotor power output. 

The primary advantages of aileron-control over partial-span control are 
that a smaller pitch actuator system Is required and the actuator system can 
be located so as not to Interrupt the structure of the blade spar. The net 
result Is a lighter weight, less complicated actuator system than that used 
for partial-span control. 

To Investigate the applicability of aileron-control to large horizontal- 
axis wind turbines a feasibility study was performed by Wichita State 
University (ref. 1). Based on this study, two outboard blade tip sections with 
20 percent chord ailerons were designed and fabricated for testing on the Mod-0 
100 kW wind turbine. These tips were Installed on existing Inboard blades to 
form an aileron-control rotor. Loss of load shutdown tests and no-load equi- 
librium rpm tests were conducted and the results Indicated that the 20 percent 
chord ailerons did not provide enough aerodynamic braking capability. 



Therefore, two blade tip sections were designed with 38 percent chord 
ailerons and fabricated for testing on the Mod-0. These 38 percent chord 
aileron-control tips were also Installed and tested on the Mod-0. Test results 
with this rotor showed much Improved aerodynamic braking characteristics, when 
compared to the 20 percent chord aileron-control rotor. 

This paper will briefly explain the theoretical basis for using aileron- 
control to provide aerodynamic braking. Then the loss of load shutdown tests 
conducted on the Mod-0 100 kW wind turbine will be described for the 20 and 
38 percent aileron-control rotors. A typical rotor speed time history will be 
shown for a loss of load shutdown with the 38 percent chord aileron-control 
rotor. Finally, results of no-load equilibrium rpm tests conducted on the 
Mod-0 will be compared for the 20 and 38 percent chord aileron-control rotors. 


AILERON-CONTROL THEORY 

The ability of an aileron to change the lift and drag characteristics of a 
basic airfoil section Is the key to the use of aileron-control for aerodynamic 
braking on wind turbine rotors. As the aileron deflection Is varied, the lift 
and drag forces acting on the rotor are correspondingly changed. 

Figure 1 shows the relationship between the lift and drag forces and the 
relative wind vector (V r ). The relative wind vector Is the resultant of the 
rotational vector (o>R) and the wind vector (V). The angle between the result- 
ant wind (V r ) and the section chord line Is the angle of attack (a). Tradi- 
tionally, the lift and drag forces (L and D), acting on an airfoil have been 
nondlmenslonallzed and expressed as lift and drag coefficients (Cl and Cg). 
These coefficients provide a more generalized way of expressing the lift and 
drag variations as a function of angle of attack. The equations used to derive 
Cl and Cg from the lift and drag forces are also presented. 

A second set of coefficients can be defined to describe the forces acting 
on the basic section. These are the flapwlse force coefficient ( C^) and the 
chordwlse force coefficient (C c ). For a wind turbine blade section with zero 
twist and zero pitch, only the chordwlse force (C) produces torque. Therefore, 
the chordwlse force coefficient Is a measure of the aerodynamic braking ability 
of an aileron-control system. These coefficients are shown In figure 1. 

The airfoil cross-section shown In figure lisa 64-series airfoil with a 
38 percent chord aileron deflected at the maximum braking angle of -90°. For 
this aileron deflection. Cl and Cg were determined as a function of 
angle of attack from wind tunnel tests. These values were then converted to a 
chordwlse force coefficient (C c ), which Is shown plotted versus angle of 
attack In figure 2. 

The portion of figure 2 where C c Is negative Indicates an angle of 
attack range for which a negative (decelerating) torque will be produced by 
this aileron-control section. Conversely, where C c Is positive, there will 
be a positive torque produced. It Is desirable to have a negative value of C c 
from 0° to 90° angle of attack. 

As shown In figure 2, C c does become positive from a = 33° to a = 48°. 
The point at which the C c curve crosses zero can be used to estimate the no 
load equilibrium tlpspeed ratio for a wind turbine with this aileron-control 
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section over Its entire span. The no-load tlpspeed ratio Is useful In deter- 
mining the rpm such a rotor would "freewheel" at, for a given wlndspeed, should 
there be a loss of generator load. 

The tlpspeed ratio Is defined as the speed of the blade tip (uR) divided 
by the wlndspeed (V). For a fixed wlndspeed, It follows that lowering the 
value of the no-load equilibrium tlpspeed (uR) will In turn reduce the equi- 
librium tlpspeed ratio. Thus, the more effective an aileron-control system 
Is, the lower will be Its no-load equilibrium tlpspeed ratio. 

Point A of figure 2 Is of particular Interest because It represents a 
stable equilibrium condition and can be used to estimate a no-load equilibrium 
tlpspeed ratio for a rotor with a 38 percent chord aileron deflected at -90°. 

If the rotor were "freewheeling" at a condition represented by point B on the 
C c curve, the negative value of C c suggests the rotor would decelerate, thus 
Increasing the angle of attack. This, In turn, would move the value of C c 
toward point A. Alternately, If the rotor were "freewheeling" at a condition 
Indicated by point C, the positive value of C c suggests the rotor would tend 
to accelerate. This would effectively decrease the angle of attack and again 
move the value of C c toward point A. Therefore, point A represents an equi- 
librium condition. 

For a rotor with a 38 percent chord aileron over Its entire span deflected 
to -90°, the no-load equilibrium tlpspeed ratio can be estimated from the angle 
of attack value corresponding to point A. The cotangent of this angle will 
yield an approximate no-load equilibrium tlpspeed ratio, as shown below: 

\ = blade tlpspeed/wlndspeed = uR/V 


but 


TAN (a) = V/wR 

thus 

\ = 1 /TAN(a) = COT(a) 

For the conditions corresponding to point A In figure 2 the estimated 
equilibrium tlpspeed ratio would be expressed by: X = C0T(33°) = 1.53. Actual 

experimental results obtained on the Mod-0 wind turbine with a 38 percent chord 
aileron over the outer third of the blade span and a -90° deflection angle 
showed an equilibrium tlpspeed ratio of 1.95. 

The apparent discrepancy emphasizes that the above analytical procedure 
for estimating no-load equilibrium tlpspeed ratios Is approximate. This Is 
because the actual equilibrium tlpspeed ratio for an aileron-control rotor will 
depend on the Integrated effect of not only the aileron-control sections, but 
the other blade sections without ailerons as well. Still, the above method Is 
useful as a first approximation. 


DESCRIPTION OF LOSS OF LOAD SHUTDOWN TESTS 

Shutdown tests were conducted on the Mod-0 100 kW wind turbine located at 
Plum Brook Station, Sandusky, Ohio. Figure 3 shows the Mod-0 which operated 
downwind of the tower with a teetered hub. 


3 



The nacelle was located atop a tubular tower with the rotor axis 38 m 
above the ground. 

Shutdown characteristics of a 20 percent chord aileron-control rotor and a 
38 percent chord aileron-control rotor were Investigated. Both rotors had the 
same Inboard section, but differed In the aileron-control tip section. A plan- 
form view, typical of both rotors. Is shown In figure 4. The Inboard part of 
the rotor was an untwisted blade fixed In pitch at 0°. It had a NACA 23024 
airfoil over Its entire length. The aileron-control tip sections were assem- 
bled to the Inboard blades. The 20 and 38 percent chord aileron-control tips 
are shown In figure 5. Their differences are summarized as follows: 

1. Aileron chord length Is 20 percent of blade chord versus 38 percent 
of blade chord, 

2. Maximum aileron deflection angle Is -60® for the 20 percent chord 
aileron versus -90° for the 38 percent chord aileron, 

3. Aileron airfoil section Is NACA 23024 for the 20 percent chord aileron 
versus NACA 64 series for the 38 percent chord aileron. 

The aerodynamic braking tests conducted on the 20 and 38 percent chord 
aileron control rotors were (1) rotor overspeed following loss of load, and (2) 
no-load equilibrium rotor speed. The relationship between these two tests Is 
Illustrated In figure 6, which Is a rotor speed time history for a hypothetical 
loss of load shutdown. The shutdown has been divided Into a rotor overspeed 
test and a no-load equilibrium rpm test. 

The rotor overspeed test defines the time period Immediately following a 
loss of generator load. It Is during this time period after the load Is re- 
moved and before the ailerons are completely deflected that the rotor may ex- 
perience large accelerations, thus producing an overspeed and possible damage 
to the drive train and rotor. Therefore, It Is Important for the aileron- 
control system to either prevent an overspeed or limit the peak rpm to a safe 
value. 

The no-load equilibrium test Is characterized by the rotor reaching a 
stable or equilibrium rpm. This can be seen In figure 6 as the portion of the 
rotor speed time history where the curve parallels the abscissa. Since 
figure 6 assumes a constant wlndspeed, the rotor speed would remain constant. 
However, should the wlndspeed change to another fixed value, the rotor speed 
would reach a new equilibrium rotor speed. 


SHUTDOWN TEST RESULTS 

Overspeed test results showed that both the 20 and 38 percent chord 
aileron-control tips did provide overspeed protection. However, the 20 percent 
chord aileron-control tips only did so over a small portion of the Mod-0 1 s 
operational wlndspeed range of 4 to 18 mps. The 38 percent chord aileron- 
control tips appeared to provide overspeed protection over the entire opera- 
tional windspeed range. 

The 38 percent chord aileron-control tips limited the peak overspeed to 
less than 20 percent of the nominal operating rotor speed during the 31 over- 
speed tests. These tests were run In wlndspeeds from 4 to 12 mps and In all 
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cases the peak overspeed was less than 24 rpm (where 20 rpm = nominal rotor 
speed). Many of the overspeed tests were conducted near the Mod-0' s rated 
power output of 100 kW, which Is the most severe loss of load test. 

For the wlndspeed range of 13 to 18 mps, no experimental overspeed test 
results were available, therefore the Mod-0 Emergency Shutdown Model (ref. 2) 
was used to predict the peak overspeed In this wlndspeed regime. These pre- 
dictions Indicated that for a wlndspeed of 18 mps the 38 percent chord aileron- 
control tips should limit the peak overspeed to less than 26 rpm (30 percent 
overspeed) . 

Figure 7 Is a typical rotor speed time history obtained from an overspeed 
test of the 38 percent chord aileron-control rotor. The average wlndspeed was 
10 mps and the generator power was 100 kW. The peak overspeed rpm was about 
22.5 rpm, representing an Increase of only 1.8 rpm above the Initial rotor 
speed of 20.7 rpm. Also, within 10 sec the rotor speed had been reduced to 
about 12 rpm. These two trends (small overspeed and rapid reduction In rotor 
speed) were typical of the 38 percent chord aileron-control overspeed tests. 
They were attributable to the high aileron deflection rates of 20°/sec which 
are attainable with an aileron-control system. This allowed the ailerons to 
reach their maximum deflection (hence their maximum braking capability) 
quickly. 

No-load equilibrium test results for the 38 percent chord aileron-control 
rotor Indicated marked Improvement, when compared with the 20 percent chord 
aileron-control test results. Figure 8 Is a plot of no-load equilibrium rpm 
versus wlndspeed, for the 20 and 38 percent chord aileron-control rotors. 

Both curves B and C for the 38 percent chord aileron have lower equilibrium 
rotor speeds, than curve A for the 20 percent chord aileron. Curve A corre- 
sponds to an equilibrium tlpspeed ratio of about 5.5, while curves B and C 
represent equilibrium tlpspeed ratios of 2.5 and 1.9, respectively. Thus, the 
38 percent chord ailerons were much better aerodynamic brakes than the 
20 percent chord ailerons. 


CONCLUSIONS 

The test results to date show that aileron-control Is a viable method for 
safely controlling rotor speed following a loss of generator load. Other con- 
clusions are: 

1. The analytical procedure for estimating no-load equilibrium tlpspeed 
rotors Is useful as a first approximation. 

2. The 20 percent chord aileron-control tips provided adequate rotor 
overspeed protection only for a small portion of the Mod-0's operational 
wlndspeed range. 

3. The 38 percent chord aileron-control tips should provide rotor over- 
speed protection over the entire Mod-0 operational wlndspeed range (4 to 

18 mps) . 

4. An equilibrium tlpspeed ratio of 1.9 Is achievable with a 38 percent 
chord aileron. 
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Figure 5. - 20% and 38% chord aileron-control blade tips. 
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